A ngiogenesis, the formation of new blood vessels from pre-existing ones, is essential during development and wound healing and in diseases, such as cancer. Invasion into and migration through the extracellular matrix (ECM) are mandatory for endothelial cells (ECs) to assemble a vascular system. Thus, there is tremendous interest in understanding the properties and behavior of ECs in 3-dimensional (3D) environments.
I, which forms ≤90% of the protein content of connective tissues. 11 In contrast, basement membrane matrices deposited beneath epithelia and endothelia mainly contain collagen IV, laminin, perlecan, and nidogen, which form cross-linked polymeric networks with high tensile strength. 12 Most of the studies characterizing cell migration in 3D matrices are restricted to fibrillar hydrogels, such as collagen I, 4, 13 fibronectin, 14 and fibrin. 15, 16 However, the typical ECM proteins encountered by ECs during angiogenesis include laminin, glycoproteins, proteoglycans, and other collagens. 17, 18 In summary, astonishingly little is known about the migration of ECs in their natural habitat. Therefore, in this study, we investigated and directly compared the migration modes of human umbilical vein endothelial cells (HUVECs) with respect to the composition of the surrounding matrix. Co-staining of hydrogel components and cells allowed detailed characterization of migration parameters, such as contractility, polarization of small GTPases, remodeling of the ECM, and proteolytic activity. We reveal substantial morphological and molecular differences in EC migration that are dependent on the surrounding matrix and show that the presence of the ECM protein laminin has a considerable impact on cell migration morphology.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Matrix Composition Influences the Morphology of Migrating ECs
To investigate whether matrix composition influences the migration phenotype of ECs, we embedded HUVECs in 2 structurally different hydrogels: Matrigel and rat tail collagen I gels. We stained the Matrigel for its 3 major components (laminin, collagen type IV, and the cross-linking protein entactin) at different Matrigel concentrations. We identified a sponge-like gel with small pores ( Figure 1A ) and observed a correlation between the protein concentration and the mesh density. Collagen I staining ( Figure 1B ) showed a topographically different dense fibrillar network with a correlation between the fibrillar density and the protein concentration. For the following experiments, we used 2.49 mg/mL Matrigel and 1.00 mg/mL rat tail collagen I gels because these concentrations resulted in gels of similar stiffness ( Figure 1C ) and resulted in the most reproducible migration behavior of HUVECs. Interestingly, the cell morphology of HUVECs was completely different in these 2 settings ( Figure 1D , 2B, and 3A). It has to be kept in mind that although the 2 types of gel used are rheologically similar, they might differ not only in topography but also in ligand density. Filamentous actin staining of HUVECs migrating in Matrigel showed an elongated cell shape, characterized by a lack of stress fibers or focal adhesions (analyzed by vinculin staining), and a relatively thick cortical rim of filamentous actin. We detected no pronounced blebbing on the cell surface (defined as the presence of blebs larger than 2 µm in diameter). By contrast, a majority of HUVECs migrating in collagen I gels showed a rounded cell shape with pronounced blebs on the cell surface. We again did not observe stress fibers or focal adhesions. In addition to their round morphology, HUVECs migrating in collagen I gels elongated temporarily during their migration cycle (Movie 1 in the online-only Data Supplement).
As an indicator of the physical hindrance that cells migrating in both settings have to overcome, we compared the cell migration velocity ( Figure 1E ): the migration of HUVECs in collagen I gels was more than 2× faster than in Matrigel, independent of the concentration and the density of the gel.
Interestingly, microvascular endothelial cells showed exactly the same behavior and morphology as HUVECs ( Figure I in the online-only Data Supplement). When VEGF (vascular endothelial growth factor) was used as an alternative chemotactic stimulus, HUVECs migrated with similar characteristics to those observed during their migration in fetal calf serum ( Figure II in the online-only Data Supplement).
Induction of Elongated Cell Shape by Inhibition of Contractility in Fibrillar Gels
To investigate the effect of the matrix composition on EC migration at a functional level, we inhibited myosin II-based contractility in migrating HUVECs using blebbistatin. Quantification of cell morphology in Matrigel and collagen I gels ( Figure 2A ) indicated that HUVECs migrating in rat tail collagen I gels switched from exhibiting round pronounced blebs (84%) to an elongated morphology (88%) after treatment with blebbistatin, whereas HUVECs migrating in Matrigel maintained their primarily elongated phenotype (69/85%). Representative images are shown in Figure 2B , in which we stained for filamentous actin and nuclei in HUVECs migrating in both types of hydrogels with and without blebbistatin treatment. To further quantify differences in migration behavior, we analyzed the chemotaxis (forward migration index [FMI]) and velocity of migrating HUVECs in Matrigel in comparison with collagen I gels ( Figure 2C ). To distinguish between arbitrary migration effects and chemotaxis, we performed reference measurements ( Figure III in the onlineonly Data Supplement). The critical value of the FMI, which discriminates between directed and nondirected migration, is 0.1. 19 In Matrigel, we observed no effect on velocity or chemotaxis after the treatment with blebbistatin. In contrast, for HUVECs migrating in collagen I gels, the FMI was significantly decreased, but stayed above the critical value of 0.1, whereas velocity increased after treatment with blebbistatin. The use of directness as an additional indicator of directed cell migration showed the same result ( Figure III myosin II-based contractility and that inhibition of this contractile force induces a switch from the rounded bleb-based migration phenotype to the elongated mode, together with an increase in velocity. The migration of ECs in Matrigel remains unaffected by the inhibition of contractility.
Matrix Composition Influences the Polarization of Small GTPases in ECs
We investigated the polarization of small GTPases as a further migration parameter. Immunostaining of the active forms of Rac1 and Cdc42 showed different cellular localizations in Matrigel and collagen I gels ( Figure 3A ; Figure IV in the online-only Data Supplement). In Matrigel, both GTPases were distributed evenly throughout the cell, whereas in collagen I, Rac1 and Cdc42 showed a polarized localization in pronounced blebs at the leading edge of the cells. Inhibition of Rac1 in Matrigel using a Rac1 inhibitor (CAS 1177865-17-6 from Millipore) resulted in a significantly reduced FMI ( Figure 3B ), which was nevertheless higher than 0.1, implying chemotaxis. In contrast, in collagen I gels, chemotaxis was abrogated after treatment with the Rac1 inhibitor. In this setting, the migration velocity was also substantially reduced. When ML141 was used to inhibit Cdc42 ( Figure 3C ), we detected similar effects to those observed under Rac1 inhibition: chemotaxis and velocity were unaffected in Matrigel, whereas the FMI was significantly decreased in collagen I gels. For reference measurements and the directness of cell movement, see Figure V in the online-only Data Supplement. In summary, the polarization of Rac1 and Cdc42 depends on the composition of the matrix. 
Self-Secreted ECM Proteins Are Deposited During Migration in Matrigel and In Vivo
To investigate whether matrix remodeling depends on the composition of the matrix, we stained for self-secreted and residual ECM proteins in Matrigel and collagen I gels.
Immunostaining of cells migrating in rat tail collagen I gels revealed a protein-coated cell surface ( Figure 4A , top panel; Figure VI in the online-only Data Supplement). The cells were migrating along single collagen I fibers, although their paths were not detectable. Immunostaining of Matrigel showed persistent paths inside the gel, where the routes of the cells could be reconstructed ( Figure 4A bottom; Figure VI in the onlineonly Data Supplement) and were coated with ECM proteins; an example is shown for collagen type IV. Fibronectin fibers were deposited in these paths and probably stabilized them ( Figure 4B ; Figure VI in the online-only Data Supplement). The staining of secreted fibronectin did not overlap with the staining of actin or the cell membrane marker, showing that this protein does not adhere to the cell surface but is deposited on the surrounding ECM. In collagen I gels, staining of the ECM proteins fibronectin, laminin, and collagen IV showed localization of these proteins on the cell surface, but no deposition in the collagen matrix ( Figure 4C ; Figure VI in the online-only Data Supplement). To investigate the presence of self-secreted proteins in vivo, we performed staining of postnatal day 3 mouse retinas with an endothelial marker (isolectin GS-B4; green) and immunostaining of the ECM protein laminin (red). Laminin, as a typical matrix protein, was observed along newly constructed vessels in vivo in the mouse retina ( Figure 4D ).
Cell Blebbing Compensates for the Loss of Proteolytic Activity in Collagen I Gels
Deposited proteins could hinder cell migration. Therefore, we investigated the importance of proteolytic activity for the degradation of self-secreted ECM proteins during cell migration in Matrigel ( Figure 5 ). The amount of self-secreted fibronectin remained relatively constant during the first 20 hours in control cells and decreased in the following 70 hours ( Figure 5A ), indicating proteolytic degradation. When cells were treated with the matrix metalloproteinase inhibitor batimastat, the secreted fibronectin accumulated during the entire observation period. To quantify the functional influence of matrix metalloproteinase inhibition, we analyzed the chemotaxis and velocity of migrating cells ( Figure 5B ). Batimastat treatment of cells in Matrigel led to the inhibition of chemotaxis, whereas the cell velocity of migrating cells was not significantly altered. In contrast, chemotaxis was not influenced by collagen I gels. Thus, chemotaxis in Matrigel seems to depend on proteolysis, but not chemotaxis in collagen. To test whether the bleb-based mode of migration observed in collagen might be responsible for this difference, we induced the elongated phenotype characteristic of cells migrating in Matrigel through blebbistatin treatment and additionally treated the cells with batimastat ( Figure 5C ). Although blebbistatin alone did not abolish chemotaxis, the combination of the 2 inhibitors did ( Figure 5C ), suggesting that bleb-based migration might help to evade the loss of proteolytic activity. Velocity did not change dramatically in any of the settings, indicating that the observed effects are not simply because of changes in steric hindrance, but to something specific for directional migration. Controls are analyzed in Figure VII in the online-only Data Supplement.
Inhibition of Laminin-Binding Integrins Induces a Morphological Switch in ECs
To address the question of why HUVECs adapt different modes of migration in Matrigel and collagen, we inhibited different integrin motifs ( Figure 6A and 6B) by functionally blocking antibodies. Inhibition of laminin-binding integrins (α1, α2, α3, and α6) induced the formation of a rounded cell shape with pronounced blebs in Matrigel, which was a similar phenotype to that observed in collagen I gels ( Figure 1D ). Inhibition of collagen-and fibronectin-binding integrins (α4, α5, and αv) did not alter the elongated cell shape in comparison with the control cells. The selective inhibitory effect on laminin-binding α subunits indicates that laminin is the relevant constituent of Matrigel that causes the elongated phenotype. Conversely, addition of laminin to collagen I gels induced the elongated cell shape and inhibited cell blebbing ( Figure 6C ; Figure VIII in the online-only Data Supplement). The velocities of cells migrating in Matrigel and in collagen I gels supplemented with laminin were similar and significantly lower than the velocity of cells migrating in pure collagen I gels ( Figure 6C ). 
Inhibition of Laminin Binding Induces a Morphological Switch in ECs in the Murine Retina
To investigate whether a comparable switch in migration morphology occurs in an in situ setting, we established a tissue culture of developing murine retinas from lifeact-EGFP (enhanced green fluorescent protein) mice. The lifeact-EGFP marker is nearly exclusively expressed in ECs at postnatal day 3, showing a growing vasculature and marked EC migration (Figure 7) . The cells within the vascular network of the control retina showed a smooth surface ( Figure 7A, left) . We could not detect any cell blebs or rounding of cells in the untreated retina, whereas the inhibition of α 6 integrins induced extensive cell blebbing ( Figure 7A , middle and 7B, top left). Inhibition of α 5 integrins had no such effect, excluding nonspecific toxicity of the antibodies ( Figure 7A , right and 7B top left). To further rule out cytotoxic effects of the treatment, TUNEL (TdT-mediated dUTP-biotin nickend labeling) staining of the treated retinas was performed, which showed no signs of apoptosis ( Figure XI Figure 7B, bottom right) , indicating the overall intactness of the specimen. Only the number of filopodia was decreased in the presence of both antibodies, suggesting the importance of both integrins for this type of cell protrusion. Overall, the in situ approach supports the role of laminin as a regulator of the migration phenotype.
Discussion
Although it was claimed that 3D trumps 2D when studying EC migration 20 several years ago, no detailed 3D characterization of EC behavior is currently available, and ECs are still primarily studied in 2D.
Cell behavior often depends on the dimensionality of the surrounding matrix 13 and its composition. 21 Macrophages use either an amoeboid mode of migration, in fibrillar collagen I, or a mesenchymal mode of migration, in Matrigel. 12 For fibroblasts, it has been shown that substrate topography affects cell shape and migration by modifying cell-to-substrate interactions. 22 However, no such information about ECs exists. We show that the morphology of migrating HUVECs is also influenced by the surrounding matrix but is fundamentally different from that of fibroblasts or carcinoma cell lines 7 : HUVECs embedded in dense Matrigel display an elongated phenotype with a thick rim of cortical actin (reminiscent of a mesenchymal mode of migration). They deposit large amounts of ECM proteins, presumably to stabilize their migration pathways inside the gel. In contrast, the cells adopt a rounded cell shape with large plasma membrane blebs in fibrillar collagen I gels with a stiffness comparable to Matrigel, resembling an amoeboid mode of migration, which has been described for various cell types 7, 23 but not yet for ECs. Earlier to this study, cell blebbing in ECs had only been investigated on 2D substrates, indicating a role of cellular blebs in the early stage of cell spreading. 24 Amoeboid cell migration has previously been found to be a fast mode of migration in dendritic and cancer cells as well as zebrafish embryos. 25, 26 Cells migrating in this mode exhibit a dynamic actin cytoskeleton without stress fibers, and regulation of the actin cytoskeleton takes place via the small GTPases Rac, Rho, and Cdc42. Characteristically, amoeboid cells show weak adhesion and contractility, which allow fast repolarization and turning. 6 HUVECs migrating in collagen I gels show a phenotype similar to that of amoeboid cells, but interestingly, the mechanisms of cell migration seem to be different. The myosin II inhibitor blebbistatin switches cells from an amoeboid-like to an elongated morphology in collagen I gels, with no effect on directed cell migration, whereas the migration of HUVECs with an elongated morphology in Matrigel seems to be independent of contractility. Treatment of ECs with blebbistatin in a 2D setup inhibits cell migration. 27 Thus, the role of contractility depends on the dimensionality of the experiment and the type of matrix used. Rac1 and Cdc42 do not show a polarized distribution in cells migrating in the elongated mode. In contrast, activated Rac1 and Cdc42 are localized in pronounced plasma membrane blebs in cells migrating in collagen I. In 2D experiments, clear polarization of HUVECs has been shown, 28 but without any sign of blebbing. Treatment of cells with ML141 29 or the Rac1 inhibitor 553502 30 has additionally been shown to reduce directed cell migration in 2D settings. Concerning this aspect, we found differences in 3D compared with 2D analyses: both inhibitors only abolished chemotaxis in collagen, where polarization was also observed.
A further difference in migration observed between the 2 hydrogels was that in Matrigel, self-secreted ECM proteins adhering to the cell surface were degraded over time, which could be inhibited by batimastat. Treatment of HUVECs migrating in Matrigel with batimastat inhibited chemotaxis and significantly diminished the directness of cells, whereas the velocity remained surprisingly unaffected, which might be because of the prevention of the binding of the chemoattractant to cell surface receptors because of matrix capping. In contrast, in collagen, chemotaxis and migration velocity are unaffected after batimastat treatment. The pronounced blebbing of cells that occurs in collagen gels might compensate for batimastat treatment: blebbing might increase the cell surface and, thus, maintain the ability to recognize chemotactic stimuli because inhomogeneity in membrane curvature affects protein association. 31 We confirmed the role of membrane blebbing in this context through combinatory treatment of cells with batimastat and blebbistatin in collagen I gels.
Concerning the biological rationale for this functional plasticity of EC migration, it could be argued that ECs have to navigate in different tissues (eg, the brain on the one extreme and connective tissues on the other) with different ECM topographies. The adaptation of taking on different cell morphologies might be necessary to compensate for limiting substrate conditions, which enable or preclude migration in 3D ECM. 4 The other side of this coin, however, is that the behavior of ECs is much less uniform and determined than we thought, which might explain some of the limitations of the efficacy of pharmacological antiangiogenic treatments: by switching gears from one mode of migration to the other, ECs might evade drugs, which relies on the importance of cell polarization.
In searching for the determinants of the mode of endothelial migration in different matrices, we concentrated on adhesive interactions because blebbing-based migration has often been associated with low adhesive states. 6, 32 Functionally, blocking several types of integrins showed that integrins that predominantly bind to laminin were responsible for maintaining the elongated phenotype in Matrigel. This finding is strengthened by the fact that supplementing collagen gels with laminin (in concentrations that were shown to have no influence on the stiffness of the hydrogel 33 ) led to a switch from the blebbing phenotype to the elongated phenotype. Thus, laminin, and not adhesion per se or matrix topography, seems to be crucial in this regard. The importance of laminin for other aspects of angiogenesis has been previously shown (eg, in the context of the Notch pathway 34, 35 ), and our findings provide further support for the hypothesis that laminin is a master regulator of endothelial function.
In the murine retina model, we investigated the behavior of ECs during the formation of new vessels in a natural ECM. Of course, the comparability of this complex setting of collective migration to single-cell migration in vitro is limited. However, to a certain point, it serves as a proof of principle for our hypothesis, as follows: In the laminin-rich matrix, ECs migrate with an elongated shape with no visible rounding or surface blebbing. Inhibition of α 6 integrins induces a switch from the elongated phenotype to extensive blebbing on the cell surface, which is not because of cytotoxicity or nonspecific inhibition of adhesion by the antibody, as an anti-α6 integrin antibody at the same dose does not have such an effect. This validates our findings about the importance of laminin as the main determinant of the mode of migration.
In conclusion, our study shows the influence of the matrix composition (especially the presence of laminin) on EC phenotypes and the ability of ECs to switch between modes of migration. This might explain the evasiveness of angiogenesis in relation to pharmacological intervention to a certain degree.
